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A wide variety of resistive switching devices are currently proposed for future nonvolatile memory systems. They include such as calcogenide phase-change memory devices, 1 resistive random access memory based on metal oxide, 2 atomic switches of the ionic salts, 3, 4 and molecular switches. 5 For the realization of ultrahigh density memory devices, the structure of the individual memory cell should be as simple as possible. Recently, Naitoh and co-workers [6] [7] [8] [9] [10] reported a negative differential resistance ͑NDR͒ characteristics in metallic electrode junctions with a nanometer-scale gap. They also found that the current-voltage ͑I-V͒ curves of those nanoscale-gap junctions ͑NGJs͒ exhibit nonvolatile resistance switching phenomena even though the NGJs do not have any memristive medium between electrodes. They found a large change in the resistance with a ratio of up to 10 5 depending on the waveform of the applied voltage, which was explained by the change in the gap distance between the electrodes. The resistive switching occurs on Pd, Pt, and Ta electrodes as well as Au electrodes. 8 Furthermore, it is also observed in the NGJs made of silicon electrodes, which demonstrates that the NGJ is compatible with semiconductor process. 9 Therefore, the NGJ is expected as a building block of the next-generation memory systems. However, the NDR characteristics and switching phenomena have only been observed on the NGJs with relatively wide electrode pairs which may contain multiple junctions until recently. 10 Suga et al. 10 recently reported that the NGJ made by controlled break of a 45-nm-width nanowire also shows NDR characteristics and switching phenomena. However, they found that the active tunneling area in the device is still wide and the electron tunneling is occurring at multiple sites. It would be important to fabricate narrower and thinner NGJ so that the electron tunneling occurs at a single asperity for elucidation of the switching mechanisms of the NGJ and from the viewpoint of the reduction in the operating current and miniaturization of the device as well.
In this study, we fabricated a single tunneling junction with a nanometer-scale gap between Pt electrodes by an electron-beam ͑EB͒ lithography process, and investigated electrical properties, resistive switching characteristics, and structural changes around the gap between electrodes by atomic force microscopy ͑AFM͒.
A single metallic tunneling junction device was fabricated by the fabrication processes as shown in Fig. 1͑a͒ . First, access pads consisting of 3 nm Cr and 100 nm Au were fabricated on Si substrate covered with 300-nm-thick thermally oxidized layer using conventional photolithography process. Second, we fabricated 5-nm-thick Pt electrodes with nanometer-scale gap with the EB lithography process em- ploying a bilayer resist film. We spun methyl methacrylate ͑MMA͒ film as a bottom layer, and poly-MMA ͑PMMA͒ film as a top layer. After baking the resist film, electrodes with a nanometer-scale gap were defined between the Au/Cr access pads by the EB. After development, an overhang structure was obtained because MMA dissolves faster than PMMA, which prevents ragged edge formation after lift-off process. We deposited ultrathin Pt film with a thickness of 5 nm by rf sputtering. We employed Pt for this study since we already established ultrathin and continuous Pt film by rf sputtering. 11 Finally the resist film was lifted off by agitation in removing agent ͑Microposit: Remover 1165͒. Figure 1͑b͒ shows a topographic AFM image taken on the area around the electrode gap of a fabricated NGJ device. We used a commercially available AFM instrument ͑JEOL: JSPM-5200͒ and a Si cantilever ͑Olympus: OMCL-AC160͒ whose nominal spring constant and resonance frequency were 42 N/m and 300 kHz, respectively. The image was taken with the intermittent contact mode. The gap distance between electrodes measured from the cross-sectional line profile of the image was about 5 nm, which might be slightly smaller than the actual gap distance because the tip radius was about 5 nm.
We measured I-V characteristics of the Pt NGJ in vacuum whose base pressure was about 10 −2 Pa at room temperature using a semiconductor characterization system ͑Keithley: 4200-SCS͒. The resistance of the device after fabrication was above the measurement limit. Then we swept the current between the gap from 0 to 10 A with a rate of 60 nA/s. After the sweep, the device showed a clear NDR characteristics and switching phenomena, therefore, we call this procedure as "forming." The I-V characteristics of the device are shown in Fig. 2͑a͒ . The thin line is the result obtained when the voltage was swept from 0 to 8 V at 1 V/s and the thick line is that when the voltage was swept from 8 to 0 V at 1 V/s. When the voltage was swept from 0 to 8 V, the current reached its maximum at 6.5 V and then drastically decreased. On the other hand, when the voltage was decreased from 8 to 0 V, the current reached its maximum at 6.5 V and then decreased. These I-V curves clearly showed NDR characteristics and a hysteresis behavior in the voltage range from 4 to 6.5 V. These NDR characteristics were measured with a high reproducibility, and they are very similar to those of NGJs with multiple tunneling junctions. 8, 10 In the I-V characteristics, the current fluctuated in the voltage range from 6.5 to 8 V. This probably suggests the migration of Pt atoms, which is induced by a large current. Figure 2͑b͒ shows the AFM image of the same area with Fig. 1͑b͒ after sweeping the current. Apparent gap distance in Fig. 2͑b͒ is approximately 1 nm. We can recognize the structural change at the anode after the forming process. The height of the anode changed from 5 to 13 nm after the forming while that of the cathode was maintained at 5 nm, which implies that the anode grew toward the cathode and the gap distance eventually narrowed. 12 It should be noted that we also fabricated the same structures with Au/Cr electrodes whose thickness were about 13 nm, and found that they also showed the NDR characteristics. In the case of the Au/Cr gap, the characteristic voltage at which the voltage shows the maximum current was about 4 V, which was lower that in the case of the Pt gap ͑6.5 V͒. However, the structural change at the gap was devastating and it is difficult to fabricate ultrathin and continuous Au electrodes whose thickness is lower than 5 nm at the moment, therefore, we considered Pt is suitable for the purpose of the study.
It has been reported that the resistance of the metallic electrodes with a nanometer-scale gap shows the memory effect by applying voltage of different waveforms. 6 When the applied voltage is rapidly swept from a relatively high value such as 8 V to a low value such as 0 V ͑off-pulse͒, the resistance of the NGJ is set at a high resistance state. When the applied voltage was slowly and continuously swept from a relatively high value to a low value, by contrast, the resistance of the NGJ becomes a low value ͑on-pulse͒. This is because the tunneling gap distance changes as the electrode gap distance changes depending on the waveform of the applied voltage. Figure 3͑a͒ shows the resistive hysteresis characteristics ͑R-V plot͒ of the Pt NGJ device. Before this measurement, a voltage was swept from 8 to 0 V at a rate of 200 kV/s so that the resistance between electrodes was set at the high resistance state. The thin curve is the result obtained when the applied voltage was changed from 0 to 8 V at 1 V/s, and the thick curve is that when the applied voltage was changed from 8 to 0 V at 1 V/s. The resistive hysteresis was observed between 0 and 3 V and the resistance ratio differed by nearly four orders of magnitude. The resistance considerably decreased at about 3 V when the applied voltage changed from 0 to 8 V, which indicates that the tunneling gap distance suddenly reduced at that voltage. Moreover, the R-V curves varied discontinuously at 5.2 V on the blue curve and at 6 V on the red one. These phenomena suggest that the change in the gap distance is not continuous but it is discontinuous. The broken curves show the theoretical tunneling characteristics described by Eq. ͑50͒ in Ref. 13 for a work function of Pt ͓5.7 eV ͑Ref. 14͔͒ and a tunneling area of 100 nm 2 , estimated by the apparent width of the junction from Fig. 2͑b͒ ͑20 nm͒ and the Pt film thickness ͑5 nm͒. The measured tunneling characteristics between 0 and 3 V matched to the model, which strongly suggests that the device consists of a single-asperity tunneling junction. On the other hand, Suga et al. also fitted the tunneling characteristics in Ref. 10 assuming unusually small work function ͑0.6 eV͒. This is probably because they fitted the characteristics of the multiple tunneling junctions to the single tunneling junction model. As shown in Fig. 3͑a͒ , the gap distances of the high and low resistance states were estimated as about 1.18 nm and 0.75 nm, respectively. The figure illustrates the mechanisms of the resistive switching effects. When the applied voltage exceeds 3 V, the gap distance suddenly reduces down to about 0.8 nm, and then the gap distance gradually increases according to the increase in the applied voltage. When the applied voltage is disabled very quickly in this range, the gap distance is maintained at a larger distance, which sets the resistance at a high resistance state. When the applied voltage is disabled at 8 V, the gap distance reaches about 1.2 nm, giving a high resistance value. On the other hand, when the applied voltage is swept slowly down to 0 V, the gap distance becomes about 0.8 nm, giving a low resistance value. Figure 3͑b͒ shows the resistive switching characteristics of the Pt NGJ. The resistance was measured at 0.2 V after every resistive switching from off-state to on-state or from on-state to off-state. To change the resistance of single NGJ from on-state to off-state, the applied voltage was rapidly changed from 8 to 0 V at 200 kV/s In contrast, the applied voltage was continuously changed from 8 to 0 V at 2 V/s to change the resistance from off-state to on-state. The resistance ratio differed by more than two orders of magnitude.
In conclusion, we fabricated a single asperity Pt NGJ whose thickness was about 5 nm by the EB lithography with a bilayer resist, and investigated the electrical characteristics. The NGJ having a single-asperity tunneling junction showed the NDR characteristic the resistive switching effects, which had only been reported for the devices with multiple tunneling junctions. AFM observations before and after the current sweep showed that the gap distance was narrowed after the current sweep. The tunneling area and the gap distance for on/off-state were quantitatively estimated by the fitting the measured characteristics to the simple model as 100 nm 2 and 0.8/1.2 nm, respectively. The resistance ratio differing by more than two orders of magnitude was measured routinely. However, the details of the structural change in the gap with the resistive switching have not been clarified yet. We consider that AFM observations before and after the operation of NGJ as a memory device might give us any insight on the operating mechanisms. The results demonstrate that the resistive switching effect occurs at the very ends of narrow electrode pairs, therefore, the NGJ is suitable for further miniaturization and it is a promising candidate for a building block of the future nonvolatile memory systems. This work was supported by the New Energy and Industrial Technology Development Organization of Japan. We acknowledge Kyoto-Advanced Nanotechnology Network Project of the Ministry of Education, Culture, Sports, Science and Technology of Japan for technical support. 
